I. INTRODUCTION
Featuring a direct and wide band gap, gallium nitride (GaN) manifest solid solutions with both aluminum nitride (AlN) and indium nitride (InN), providing energy band gap values which can be tuned from the ultraviolet to infrared range. [1] [2] [3] [4] [5] GaN-based alloys became the materials of choice for solid state lighting with InGaN/GaN-based blue light emitting diodes, AlGaN/GaN-based visible and solar-blind UVphotodetectors, and high-performance blue laser diodes. [6] [7] [8] Moreover, state-of-the-art RF high-power electronics rely heavily on durable AlGaN/GaN-based high-electron mobility transistors, exhibiting excellent high-frequency and highpower handling performance. 9, 10 Single crystal GaN epilayers with relatively low defect density have been grown most widely on sapphire substrates using high-temperature methods such as metal organic chemical vapor deposition (MOCVD) [11] [12] [13] and molecular beam epitaxy. 14 However, there are two main causes which make sapphire a nonideal substrate for epitaxy of GaN in electronic devices: a rather large mismatch of the substrate lattices ($16%) and significantly higher thermal expansion coefficient as compared to GaN [thermal expansion mismatch (a): À34.7%]. 15, 16 Large lattice mismatch yields high structural defect density, while difference in thermal expansion coefficient typically results in highly stressed films which might lead to additional structural misfits or even cracking. Such high defect density levels significantly decrease the mobility of charged carriers and life time of minority carriers. Furthermore, due to large thermal expansion coefficient difference, biaxial compressive strain arises within the epilayer after cooling. An attractive alternative substrate of interest is silicon (Si) with a lattice mismatch of $17% for h111i orientation. Si has superior crystal quality, excellent doping properties, low materials cost, as well as default compatibility with micro/nanoscale device fabrication equipment. 17 However, even higher lattice and thermal expansion coefficient mismatch between GaN and Si hinders the production of high-quality defect-free GaN films on Si substrates [thermal expansion mismatch (a): À25.3%, À115%]. 16 These two important limitations have been solved to a certain extent by introducing certain buffer layers (AlN, AlGaN, or GaN) between the substrate and GaN device layer in order to reduce the defect density. 15, 18, 19 Choice and preparation of substrates is a very delicate issue for heteroepitaxy of GaN, as the substrate influences crystal orientation, surface morphology, polarity, strain, and defect concentration of the over-grown films at a considerable extent. Therefore, it is captivating to investigate the effect of major substrate materials on GaN layers deposited by alternative growth techniques which might be used for post-CMOS processing toward III-nitride/Si integration. Atomic layer deposition (ALD) is such a low temperature deposition technique which is suitable for growing materials a) Electronic mail: biyikli@unam.bilkent.edu.tr with excellent uniformity and ultimate conformality. Growth mechanism of ALD is based on surface reactions which occur at the available sites of the surface and show selfterminating character after all available chemisorption sites are occupied. This "self-terminating" behavior of ALD allows to control the film thickness at sub-Angstrom level. Plasma assisted ALD (PA-ALD) is a modified form of ALD in which energetic radicals assist in accelerating the selflimiting ALD reactions. PA-ALD offers additional merits over thermal ALD such as reduced growth temperatures and improved material properties. 20, 21 In the initial reports of ALD-grown GaN films, film growth was achieved at higher temperatures (500-750 C) by using GaCl 3 and NH 3 precursor materials. 22 Follow up work for low-temperature (as low as 200 C) growth of crystalline GaN using PA-ALD has been successfully demonstrated by several groups utilizing GaMe 3 or GaEt 3 in conjunction with N 2 /H 2 or NH 3 plasma as Ga and nitrogen precursor sources, respectively. 5, [23] [24] [25] [26] However, a comparative study investigating the influence of different substrates on the material properties of GaN grown using lowtemperature PA-ALD is lacking. Recently, the effect of different substrates on material properties of PA-ALD grown AlN thin films has been investigated, where they demonstrate that Si (111) is a better substrate for AlN growth. 27 In this work, we have studied and compared the properties of GaN thin films grown on Si (100), Si (111), and c-plane sapphire substrates by using hollow-cathode plasma-assisted ALD (HCPA-ALD) at 200 C.
II. EXPERIMENT A. Film growth
GaN thin film deposition is performed in Fiji F200-LL ALD reactor (Ultratech/CambridgeNanotech, Inc., Cambridge, MA) with a modified configuration of stainless-steel hollowcathode plasma source (Meaglow, Ltd., Canada). Hollow cathode plasma (HCP) source has been found superior to quartz-based inductively coupled plasma source as our former studies on ALD-grown GaN confirmed a significantly higher layer quality with considerably lower impurity incorporation. 5 Moreover, HCP source possesses advantages such as high plasma density and rapid on/off cycles for pulsed growth. 28, 29 Prior to growth experiments, Si (111), Si (100), and sapphire substrates were cleaned sequentially using isopropanol, acetone, methanol, and deionized water in an ultrasonic bath. In order to remove the native oxide layer on the substrate surface, additional diluted HF (2%) cleaning process was applied for 2 min. Afterward, samples were loaded immediately to the reactor, and the process base pressure was adjusted to 150 mTorr. To prepare an enhanced nitridated surface in order to eliminate possible nucleation delays and to enhance the crystalline quality, a nitridation process step was utilized before the ALD cycles by applying 60 s of N 2 /H 2 plasma and subsequently 60 s of N 2 plasma. 30 GaEt 3 was used as organometallic precursor for Ga with a pulse length of 0.5 s. As nitrogen half-cycle, N 2 /H 2 plasma exposure is applied with 50/50 sccm flow rate for 60 s under 300 W rf-plasma power. Ten seconds purge intervals were used in between the metal-organic precursor pulse and N 2 /H 2 plasma exposures to evacuate the excess precursor molecules and reaction byproducts. Ar is used as the carrier and plasma gas with 30 and 100 sscm flow rates for GaEt 3 and N 2 /H 2 flows, respectively. A total of 1000 growth cycles were carried out at a substrate temperature of 200 C.
B. Film characterization
Both x-ray reflectivity (XRR) and grazing-incidence x-ray diffraction (GIXRD) measurements were performed with PANalytical X'Pert PRO MRD diffractometer (PANalytical B. V., Netherlands) by using Cu K a radiation. GIXRD spectra are collected at 0. 
Ellipsometric measurements were recorded in 300-1000 nm wavelength interval for three different angles of incidence (65 -70 -75 ) by variable-angle spectroscopic ellipsometer (V-VASE, J. A. Woollam Co., Inc., NE) and a rotating analyzer. Optical constants and film thicknesses of the samples were extracted from the measured ellipsometer data by applying a fitting procedure (WVASE 32 software) with Cauchy dispersion function and Tauc Lorentz oscillator. The absorption coefficient
was calculated from k(k) values determined from the ellipsometry data. Optical band gap (E g ) is expressed by the following equation for direct band gap materials, 31 which can be analytically extracted via extrapolation of the linear part of the absorption spectrum to (aE)
In order to determine the elemental composition and chemical bonding states of the film, x-ray photoelectron spectroscopy was implemented using a Thermo Scientific KAlpha spectrometer (Thermo Fisher Scientific, MA) with monochromatized Al K a source. For depth profiling, GaN thin films were etched with an energy and spot size of 1 kV and 400 lm Ar beam, respectively. Surface morphologies of the GaN thin films were analyzed using high-resolution scanning electron microscopy (HR-SEM, FEI, Hillsboro, OR NNL 600i), and atomic force microscopy (Asylum Research MFP-3D) was operated in tapping mode.
III. RESULTS AND DISCUSSION
A. Structural and optical characterizations XRR measurements showed characteristic Kiessig fringes of three GaN samples grown on different substrates in Fig. 1(a) . Periodicity and amplitude of oscillations provides information about film thickness and film density, respectively. In order to extract this information, X-pert reflectivity software was used to fit the experimental data by using four and three-layer models, i.e., Ga 2 O 3 /GaN/SiO 2 /Si and Ga 2 O 3 / GaN/Al 2 O 3 for samples grown on Si and sapphire substrates, respectively. Figure 1(b) shows the measured versus simulated XRR data for GaN/Si(111) sample, confirming the close agreement between experimental and calculated data.
X-rays, when impinged on a flat surface with small (grazing) angle, undergo total reflection below a critical angle (⍜ c ). X-ray intensity drops abruptly after exceeding the critical angle as shown for GaN/Si(111), GaN/Si(100), and GaN/ sapphire, as shown in Fig. 1 (c). Critical angle is a specific material property depending primarily on the film density. When the second derivative of the XRR intensity d (100), and sapphire substrates, respectively. In addition, interlayer roughness values in between GaN and Ga 2 O 3 layers was found as 1.1, 2.4, and 5.3 nm for GaN deposited on the same sequence of substrates. Higher interlayer roughness obtained from GaN grown on sapphire led to considerably higher fit parameters for data fitting which implies that thickness and density estimation of GaN grown on sapphire cannot be trusted with absolute certainty.
Optical properties, including refractive index dispersion curves and optical band gap, were determined using spectroscopic ellipsometric measurements and related data analysis. (100), and sapphire were measured as 2.16, 2.17, and 2.18, respectively. Refractive index value around 2.4 is reported for single crystal hexagonal wurtzite GaN, which is notably higher than the values obtained in our films. 32 In the case of polycrystalline hexagonal wurtzite GaN thin films, refractive index values between 2.10 and 2.17 were reported in literature, which resembles the data obtained in this study. 2, 5 Spectroscopic ellipsometer data fitting reveals thickness of GaN grown on Si (100), Si (111), and sapphire as 33, 35, and 43 nm, respectively. These thickness values correspond to growth per cycle (GPC) values of 0.33, 0.35, and 0.43 Å / cycle for GaN grown on same sequence of substrates. As stated in Sec. II, Si substrates were treated with HF prior to GaN growth, and the ellipsometric spectra were fitted using a two-layer model [i.e., Cauchy/Si (0.5 mm)]. It was assumed that the thickness of oxide layer on Si is negligible at GaN/Si interface for ellipsometric data fittings. On the other hand, when performing XRR fitting, SiO 2 layer was taken into account, and data were fitted using a four-layer model (i.e., Ga 2 O 3 /GaN/SiO 2 /Si). Since a default Ga 2 O 3 layer is not defined in the database of the ellipsometer WVASE 32 software, we have used the conventional Cauchy model to determine the layer thickness. The different models used in two different measurement techniques (XRR and ellipsometry) might have led to the non-negligible difference in estimated film thickness.
It is reported in the literature that the initial nitridation process using N 2 plasma species induces the formation of a thin AlN layer on the surface of sapphire. 23 Higher film thickness values extracted in the case of GaN grown on sapphire might be the result of a more-efficient and faster nucleation of GaN on this AlN monolayer. This implies that GPC was most probably higher in the initial phase of GaN growth on sapphire and then it might have reduced to a lower steady state value. Optical band gap values were calculated from (ah) 2 vs h plot of the films. Extrapolating the straight line segment of the plot to abscissa provides the value of E g value, which came out to be 3.44, 3.45, and 3.61 eV for GaN grown on Si (100), Si (111), and sapphire [ Fig. 2(b) ]. The optical band gap values of GaN grown on both Si substrates are reasonably close to the bulk GaN value ($3.4 eV). On the other hand, GaN/sapphire sample features a higher optical band edge which might originate from the smaller grain/crystallite structure to be discussed later in this section.
In order to identify the crystalline nature of the GaN thin films, GIXRD measurements were performed. GIXRD measurements revealed single-phase hexagonal wurtzite polycrystalline character of GaN irrespective of the substrate utilized (Fig. 3) . Hexagonal wurtzite reflections of (010), (002), (110), (103), and (112) were manifested by GIXRD patterns of GaN grown on Si substrates. No other phase mixing was detected (i.e., cubic). In GIXRD, sample is exposed to x-rays at grazing angle of incidence in order to avoid intense signal from substrate and obtain a stronger signal from the thin film. 33 In contrast to h-2h scans, GIXRD detects the tilted planes which are present in polycrystalline materials. However, by its inherent configuration, GIXRD is rather insensitive to planes which are parallel to the substrate surface. Although displaying quite similar diffraction patterns, GaN/Si samples show a considerable difference in the peak intensity values: (002) peak of GaN/Si(111) appeared to be higher compared to GaN/Si(100). Full width at half maximum (FWHM) values obtained from (002) reflection of GaN film deposited on Si(111) and Si(100) was measured as 2484 and 2808 arc sec, respectively. On the other hand, (010), (110), and (112) reflections disappeared from GIXRD pattern of the GaN film deposited on c-plane sapphire substrate, which might be due to insufficient penetration of x-rays inside the GaN layer grown on sapphire. The intensities of (100) and (002) reflections drastically decreased while the intensity of (103) refection showed a significant increase. XRD gonio scans have been conducted on GaN grown on Si (111), Si (100), and c-plane sapphire. However, due to low thickness of the grown films, strong background signal from Si does not allow us to determine the bulk orientation of these films. However, we were able to obtain the gonio-scan of GaN/sapphire samples. Regular powder diffraction setup (X'pert pro multipurpose diffractometer) is used for obtaining gonio (Bragg Brentano geometry) scans from GaN/sapphire sample, which primarily showed (002) orientation with a FWHM of 17.34 arc min [ Fig. 3(b) ] which is even narrower than the previously reported values for the PA-ALDgrown GaN on sapphire substrates. 24 GaN directly grown (without any buffer layers) on Si at higher temperatures shows poor crystalline quality in the presence of a mixture of cubic and hexagonal phases. Si has a tendency to form an amorphous Si x N y layer during the nucleation steps which gives rise to poor crystalline quality of GaN epilayers grown at higher temperatures. 15, 17 That effect was mitigated by introducing a thin SiC or AlN layer on Si substrates before the growth of GaN. In the case of lowtemperature GaN growth, Si x N y layer formation might not be the prevailing factor to influence the crystalline quality due to the polycrystalline film character with relatively small crystallite sizes. Also, difference in the thermal expansion coefficient between substrate material and GaN would not affect the film properties significantly as growth takes place at substantially reduced temperatures, 200
C in the present case of HCPA-ALD. Apparently, improved crystalline quality and higher film density in the case of GaN grown on Si (111) might be due to the hexagonal nature of the specific Si (111) plane. In the literature, higher crystalline quality of the PE-ALD grown AlN was observed on Si (111), and it was mainly attributed to the hexagonal structure of Si (111) substrate. 27 The lattice parameter c was determined using the (002) reflection of hexagonal phase from diffraction patterns of GaN grown on different substrates. First interplanar spacing values (d hkl ) were calculated using Bragg's law and these values were then substituted in Eq. (1), which provides a relationship between interplanar spacing (d hkl ), miller indices, and lattice parameters for hexagonal crystals. The c-axis lattice parameter was found as the following: "c GaN/Si(111) ¼ 5.183 Å ," "c GaN/Si(100) ¼ 5.185 Å ," and "c GaN/sapphire ¼ 5.175 Å ." C axis lattice parameter values of GaN/Si samples are in good agreement with the bulk GaN value (c ¼ 5.185 Å ). 34 However, the variation in the c axis lattice parameter of GaN/sapphire with respect to their nominally strain-free counterpart possibly indicates the presence of a minor strain component in the PA-ALD-grown films.
HR-SEM measurements were conducted to observe the surface morphology and determine the grain sizes of GaN grown on Si (100), Si (111), and sapphire. Figure 4 shows the surface morphology of GaN grown on different substrates. Average size of polycrystalline grains was calculated using IMAGE J (image analysis software). The average grain size was calculated as $9-10 nm for GaN grown on Si (100) and Si (111) samples while it was $5 nm for GaN/sapphire sample. AFM measurements (not shown here) were performed on GaN deposited on Si (111), Si (100), and sapphire substrates. root mean square (RMS) surface roughness values were found as 0.69, 0.77, and 1.83 nm for GaN deposited on the same sequence of substrates.
B. Chemical characterization
GaN thin films deposited on different substrates were analyzed for elemental composition and chemical bonding states of the film from the sample surface and the bulk using XPS. Survey scans from GaN deposited on Si (100), Si (111), and sapphire revealed the presence of gallium, nitrogen, oxygen, and carbon with Ga 3d, N 1s, O 1s, and C 1s peaks. Survey scans from the surface of the film have been chargecorrected by referencing the C 1s peak at 284.8 eV. GaN thin films were etched with Ar þ ions in order to obtain XPS survey scan from the bulk of the films. The survey scans from the bulk of the film were charge-corrected by referencing the Ar 2p peak at 242 eV. Elemental concentrations obtained from the surface and bulk are provided in Table I . It is evident that the very surface of GaN films was contaminated with oxygen (up to 12 at. %) and carbon (up to 28 at. %). Adventitious carbon and oxygen found on the surface of the film arise from postdeposition atmospheric exposure. There was no evidence of measurable carbon in the bulk of the films which shows that the surface reaction between GaEt 3 and N 2 /H 2 plasma led to effective removal of carbon ligands. On the other hand, there is trace of oxygen (2-3 at. %) in the bulk of GaN films regardless of the substrate used. Probable oxygen source might include oxygen and water vapor impurities present in either plasma gases or organometallic precursors. It might also originate from trapped oxygen/water vapor inside the multilayer coatings on the inner walls of the ALD vacuum reactor. Another possibility might be the room-temperature diffusion of surface oxygen after atmospheric oxidation. Survey scans from the surface and bulk of GaN grown on Si (100), Si (111), and sapphire reveal nonstoichiometric films with higher atomic percentages for nitrogen. We have used monochromatic Al K a source for XPS scans which provides better resolution. However, it also makes the analysis of survey spectra more complicated as N 1s core level peak overlaps with Ga Auger peak. 35 Therefore, survey scans recorded using monochromatic Al K a source overestimate the nitrogen atomic percentage and provides inaccurate information about the stoichiometry of the film.
In order to provide a more reliable explanation for this overestimation which leads to a nearly (1:2) unrealistic stoichiometry, we decided to take into account only the relative weights of Ga-N and N-Ga peaks obtained in Ga 3d and N 1s high resolution scans for PA-ALD and MOCVD-grown GaN films. This way, we omit the contributions coming from Ga Auger and Ga-Ga peaks for nitrogen and gallium concentrations, respectively. As already depicted in Table II within the manuscript, approximately %39.1 of N 1s signal belongs directly to nitrogen contribution (N-Ga peak) for GaN/Si(111) sample, which corresponds to an effective nitrogen concentration of 24.8% when multiplied with the extracted 63.3% concentration (Table I) within the bulk of the film. Similarly, the effective Ga concentration is calculated as 29.9% after taking into account that only 86.4% of Ga 3d peak contributes to the stoichiometry. Hence, the PA-ALD grown GaN film exhibits a relative stoichiometry of (1:0.83). In order to eliminate the preferential etching effect, we should also correct the stoichiometry via a comparison with a reference sample exhibiting ideal stoichiometry. Using the atomic concentrations given in Table I , Ga-N, and N-Ga peak weights for MOCVD-grown sample, we obtain a relative stoichiometry of (1:0.81). As we can safely assume that commercial MOCVD-grown epitaxial GaN sample has near-ideal stoichiometry (1:1), PA-ALD-grown GaN films depicts a stoichiometry of (1:1.025), corresponding to only a slightly N-rich film with 2.5% excess nitrogen concentration with respect to epitaxial GaN film. Figure 5 shows Ga 3d and N 1s high resolution XPS scans from bulk of the PA-ALD-grown GaN/Si(111) and an MOCVD-grown epitaxial GaN on sapphire to investigate the individual peaks. At low energy resolution, XPS provides qualitative and quantitative information on the elements present in the material whereas high-energy resolution XPS (HR-XPS) provides information on the chemical state and bonding of those elements. Ga 3d scans [Figs. 5(a) and 5(c)] obtained from both PA-ALD and MOCVD-grown GaN samples were fitted by two subpeaks. The main subpeak reveals the existence of Ga-N bond in the bulk of the film with peak position at 19.47 and 18.97 eV for GaN/Si (111) and MOCVD grown GaN, respectively. 5, 35 Both the Ga 3d spectra are dominated by Ga-N main peak. In the literature, Ga-O component is observed at $1.2 eV higher binding energy while Ga-Ga component was detected at $1 eV lower binding energy compared to main Ga-N peak binding energy. 36, 37 We were not able to identify any contribution from Ga-O species in the bulk of the film. Ga-Ga bonding state is observed as a second subpeak at 18.24 and 18.05 eV in Ga 3d HR-XPS spectra of PA-ALD and MOCVD-grown GaN, respectively. 5, 36 Uncoordinated Ga is believed to appear inside the film after Ar ion etching due to the accumulation of metallic Ga at the sample surface. 38 FWHM of main Ga-N subpeak was recorded as 1.37 eV from MOCVDgrown GaN, while it increases to 1.79 eV for HCPA-ALD grown GaN on Si (111). FWHM obtained from the Ga-N subpeak of MOCVD grown GaN is slightly higher than the literature reported GaN value of 1.1 eV, which might be ascribed to increased defect density or localized difference in charge state of the low-temperature grown ALD sample. 30 N 1s HR-XPS spectra [Figs. 5(b) and 5(d)] were fitted using three components. First subpeak in N 1s HR-XPS spectra corresponds to N-Ga bond (BE ¼ 396.93, 397.58 for PA-ALD and MOCVD-grown GaN, respectively), 36, 39 and the other two subpeaks correspond to Ga-LMM auger peaks. 35 The slight shift in binding energies of Ga-N and N-Ga bonds in HCPA-ALD and MOCVD-grown GaN samples might arise due to differential charging, material defects, or nitrogen vacancies inside the ALD-grown GaN film. FWHM of main N-Ga peak was recorded as 1.06 and 1.53 eV for MOCVD grown GaN and HCPA-ALD grown GaN, respectively. FWHM of N-Ga peak for MOCVD grown GaN is slightly higher than the literature reported value (0.85 eV) for bulk GaN. Relative percentages of different bonding species were calculated for both samples based on the area under the corresponding peaks and are provided in Table II . Relative percentages of different bonding species in GaN/Si (111) and MOCVD-grown GaN are close to each other which indicates that stoichiometry of GaN grown on Si (111) resembles with epitaxial GaN sample, confirming the stoichiometry calculation based on the Ga-N and N-Ga subpeaks carried out above. 35 Peak positions of Ga 3d and N 1s HR-scans (not shown here) obtained from bulk of GaN grown on Si (100) and sapphire matches well with the scans obtained from bulk of GaN grown on Si (111).In Fig. 6 , GaN/Si(111) depth profile analysis is provided, which indicates the elemental composition variation between GaN-air and GaN-Si interface. Results reveal that atomic percentages of gallium and nitrogen remained fairly constant along the etching direction throughout the film thickness. Carbon disappears after the very first etching cycle while oxygen stabilizes to around $2-3 at. % in the bulk of the film.
IV. SUMMARY AND CONCLUSION
We have presented our efforts for understanding the substrate effect on GaN thin films grown using low-temperature HCPA-ALD. GaN thin films were deposited on Si (111), Si (100), and c-plane sapphire substrates at a growth temperature of 200 C using GaEt 3 precursor and N 2 /H 2 plasma as Ga and nitrogen source, respectively. Unlike high-temperature heteroepitaxy, neither lattice mismatch nor thermal expansion coefficient showed significant importance for low-temperature HCPA-ALD grown GaN. XRR measurements showed film density values of 5.70, 5.74, and 5.54 g/cm 3 for GaN grown on Si (100), Si (111), and sapphire, respectively. All HCPA-ALD grown GaN samples showed hexagonal polycrystalline wurtzite structure. Dominant GIXRD diffraction peaks for GaN films grown on Si and sapphire substrates were detected as (002) and (103), respectively. A better crystalline quality and higher film density obtained from GaN grown on Si (111) is attributed to the hexagonal nature of Si (111) substrate surface. Grain size of the films was determined to be $9-10 nm for GaN grown on Si (100) and Si (111) samples while it was $5 nm for GaN/sapphire sample. RMS surface roughness values were found as 0.68, 0.76, and 1.83 nm for GaN deposited on Si (111), Si (100), and sapphire. All samples exhibited similar refractive index values ($2.17 at 632 nm) with 2%-3% of oxygen impurity existing within the bulk of the films and with no detectable carbon incorporation. Optical band gap values of 3.44, 3.45, and 3.61 eV were recorded for GaN grown on Si (100), Si (111), and sapphire substrates, respectively. Higher growth rate observed for GaN grown on sapphire was attributed to a more-effective nitridation and faster nucleation process on the sapphire surface.
